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Abstract

A cascade test facility has been established which incorporates

sidewall boundary layer control, permitting two-dimensional flow

investigation over the center span (about 2/3 the width of the blade) )f

an airfoil in cascade, and an investigation has been conducted to

deternine the influence of roughness on the airfoil. Two representativte

compressor profiles, the NACA 64-A905 and 65-A506, with two inch chords

and aspect ratios of one were tested at airflow inlet velocities

comparable to those in axial flow compressors. An Axial Velocity

Density Ratio of unity was the criterion used to determine when two-

dimensional flow was achieved.

Test results indicate that initial small increases of roughness

have a much greater effect on blade total pressure loss than do

subsequent larger roughness values. A small increase in roughness-

produces a substantial increase in free stream turbulence with

practically no effect on the wake. Further increase in roughness

produces a substantial effect on the wake but little effect on the free

stream turbulence. Surface roughness is shown to have a much greater

influence on blade wake turbulence intensity for the higher camber

airfoils tested than for lower camber airfoils.
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INFLUENCE OF SURFACE ROUGHNESS ON COMPRESSOR

BLADES AT HIGH REYNOLDS NUMBER IN A

TWO-DIMENSIONAL CASCADE

I. Introduction

Modern military aircraft are required to operate in a variety of

flight regimes, from cruise at high altitude to the high speed, low-

level dash. To power these aircraft, turbine engines operate with flow

conditions in the last stages of the high pressure compressor ranging

from low Reynolds number based on blade chord (Re < 1.0 x .O5 ) to

Reynolds numbers in excess of 1.1x10 6  The engines are also subjected

to extreme environmental conditions which may include concentrations of

particulate matter from explosions and dust, or salt ingestion inherent

in naval operations.

Operation in these types of environments causes the engine

efficiency to decrease over time. Among the chief factors affecting

efficiency is the mechanical or corrosive pitting of blades in the

compressor and turbine sections. The surfaces of the compressor and

turbine blades may also be roughened by the formation of de, its. Tn

compressors, the behavior of the blade boundary layer varies with the

blade chord Reynolds number. Three separate flow regions can be

identified, each by particular characteristics. At low Reynolds numbers



(Re < 1.0 x 105) the boundary layer is laminar and is much more prone to

separation in an adverse pressure gradient than the turbulent boundary

layer. Large losses accompany the laminar separation (Ref. 3).

Schaffler, in his study of surface roughness effects on axial flow

compressors, described the boundary layer in the intermediate range of

Reynolds numbers (based on blade chord) as being turbulent over much of

the blade and the surface as hydrodynamically smooth (Ref. 11). That

is, the boundary layer over the blade begins as laminar, but in a short

distance transitions to turbulent with the peaks of the roughness

totally submerged in the laminar sublayer of the turbulent boundary ""

layer. The blade losses are proportional to Reynolds number raised to an

appropriate power which depends on camber and incidence (Ref 15:150).

At high Reynolds numbers the boundary layer is turbulent and the peaks

of the roughness may be high enough to protrude through the laminar

sublayer making the blade surface hydrodynamically rough. Blade losses

in this range do not depend on chord Reynolds number but are a function

of the roughness itself (Ref 11:9). Fottner and Schaffler report that

"increasing pressure ratios and flow velocities in modern gas turbine

compressors increase the Reynolds Number over chord length ratio at the

back end of the compression system to an extent that even with the best

presently available manufacturing methods, noticeable losses of

potentially achievable efficiency gains must be accepted." (Ref. 5:171)

This investigation was primarily concerned with the high Reynolds

number flow regime (Re > 4 x 105). The work was conducted in a two-

dimensional cascade test facility used for testing compressor and

turbine airfoils. Research began in 1981 with several investigators

2



studying roughness effects in cascade flow (Ref. 6,14,17). The results

of those previous experiments were overshadowed by the solid endwall/

blade boundary layer interaction to the extent that two-dimensional

flow was not established.

Objective and Scope

The objectives of this investigation were twofold.

1. Establish a facility that would permit two-dimensional flow

investigations of a cascade of compressor blades.
2. Determine the effect of surface roughness on blade losses

using a non-dimensional total pressure loss coefficient to characterize

the effect.

To accomplish these objectives a sidewall boundary layer control

system was built and installed on the cascade test section to reduce

secondary flow and airfoil/sidewall boundary layer interaction to the

degree that two-dimensional flow is attained. Total pressure surveys

were made in the exit plane to evaluate the effectiveness of the

boundary layer control. Once two-dimensional flow was established, exit

wake surveys were run on smooth and roughened blades to determine flow

losses due to roughness through the test section. A non-dimensional

total pressure loss parameter was used as a measure of the losses.

Average Blade Roughness, Ra, and Equivalent Sand Roughness, Ks, were

used in this investigation to characterize the blade surfaces. The

roughness parameters are defined in Appendix A.

• L-[
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iI. Experimental Apparatus

The investigation of effects of blade roughness on compressor blade

cascade performance was conducted in the Cascade Test Facility (CTF) at

-the Air Force Institute of Technology Aeronautics Laboratory. The

system, which is described in detail by Allison (Ref. 1), is a cascade

wind tunnel with a computerized data acquisition system. A brief

description follows along with modifications made specifically for this

research.

Cascade Test Facility

The cascade test facility is built around a two-inch by eight-inch

test section containing seven airfoils. The flow unit Reynolds number

based on blade chord and inlet velocity is in excess of two million per

foot. A suction system has been added to control the boundary layer

within the test section by drawing off the sidewall boundary layer prior

to, and throughout, the blade row.

To run the CTF, source air is supplied by a blower rated at 3000

cfm with a discharge head of 26 ounces. Cool air is drawn in from the

outside and mixed with warmer recirculated air to stabilize operating

temperatures. Particles which may damage a hot film sensor are trapped

by a series of fiber and electrostatic filters ahead of the blower and

in the stilling chamber.

After passing through the blower the airflow is straightened and

conditioned by several screens and a honeycomb lattice located in the -

stilling chamber. This system provides air to the test section with

turbulence intensities of generally less than one percent.

4
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Test Section

The two dimensional cascade test section used in the present

investigation is shown in Figure 1. Two different sets of airfoils were

studied. The first was a cascade containing seven NACA 64-A905 airfoils

(including the two that form the end walls) with a two-inch chord and

aspect ratio of 1.0. A second test section had seven NACA 65-A506

airfoils installed also with a two-inch chord and aspect ratio of 1.0.

The profile of the NACA 64-A905 blade is similar to that of a compressor

exit guide vane while the NACA 65-A506 profile approximates that of a

blade in the latter stages of a high pressure compressor. The

parameters describing the two test sections are listed in Table I.

TABLE I

Airfoil Data

Airfoil NACA 64-A905 NACA 65-A506

Chord 2 in 2 in

Aspect Ratio 1.0 1.0
Row Inlet Angle 31 deg 31 deg
Angle of Attack 25 deg 13 deg
Stagger Angle 6 deg 18 deg
Turning Angle 33 deg 18 deg

A blade spacing of 1.333 inches was used in each test section. With

these dimensions the solidity, defined as

solidity = chord/spacing (I)

was 1.5.

5.. ., ." .
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Blade Roughness Configurations

The two different airfoil shapes tesed for roughness effects are

shown in Figure 2. Tanis (Ref. 14) determined that suction side

roughness on the first quarter chord had the greatest influence on the

efficiency of the cascade since the roughness magnitude relative to the

local boundary layer was greatest near the leading edge. For this

reason several sets of airfoils were roughened on the suction side by

either sand blasting or applying various sizes of grit to the first

quarter chord.

The blades were cast from Fiber-Resin FR-44 casting resin using the

5595 cure, then aged at an elevated temperature to increase the

resistance to bending in the airflow. Some of the blades were then

sandblasted to the desired roughness. The others were coated with a

thin film of ceramic acrylic sealer and carborundum grit was blown on.

A final coating of acrylic sealer was then applied to these blades.

Much care had to be taken not to alter the shape of the leading edge.

After the blades were modifier', a Rank Taylor Hobson Surtonic 3

profilometer with recorder and parameter units attached was used to

measure roughness values of Ra (Ref. 15). The roughened surface, though

very uniform, was measured at several locations and the average of these

measurements was recorded as characterizing the roughness.

7



NRCR 64-R905 NRCR 65-R506

Figure 2: Test Blade Profiles

Boundary Layer Control Mechanism

Several investigators have used a combination of an upstream

suction slot and sidewalls which were porous across the blade row to

effect boundary layer control (Ref. 2, 4). For this investigation a

continuous porous sidewall which extended from at least one-half chord

up stream to just past the trailing edges of the blades was added to the

cascade test section (see Figure 1). With this system the boundary

layer can be continuously drawn off from the sidewalls before reaching

the blades and also throughout the blade passage.

One sixteenth-inch thick metallic walls of Pall corporation PSS

316L Porous Stainless Steel were used. This particular material is

normally used in filtering applications and is capable of trapping

particles 11 micrometers in size. Because of the dense construction,

the porous stainless steel provided adequate flow resistance to give

uniform suction flow in the blade passages.

p8
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Panels of perforated plexiglass backing supported the porous

sidewalls. The rest of the boundary layer control mechanism consisted

of two aluminum manifolds, one on each side of the test section, and an

industrial vacuum cleaner with a measured flow rate capacity of about 60

cfm tnrough the sidewall suction system. This is about 4.3 lbm/min mas3

flow at 110 F.

Test Section Exit Diffuser

A 13-inch channel with adjustable endwalls was incorporated into

the test section to enable simulation of either nozzle, diffuser, or

neutral exit conditions. Static pressure taps in the endwalls and

sidewalls were used to determine when the exit channel was set in the

?roper configuration. Since an ambient exit pressure was desired, the

endwalls were adjusted until all pressure readings were essentially

j %, atmospheric. Additional static pressure taps were located in the test

section inlet throat to aid in positioning the endwalls for uniform flow

conditions and for measuring inlet velocity.

X-Y Traversing Mechanism

A computer controlled traversing mechanism which is described in

Ref. 14 was used to position the hot film anemometer sensor in the exit

flow. The traverser would locate the probe at any downstream (X) or

crosstream (Y) point with an accuracy of 0.002-inch in the X direction

and 0.001-inch in the Y direction. Locating the probe in the spanwise

(Z) direction was accomplished manually by using a thumb screw and dial

indicator. For this investigation a normal run would include five

traverses in the Y direction at 1-inch intervals along the X direction.

9
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The data window began at 0.25-inch behind the blade and contained 133

data points in each traverse. These points were spaced 0.01-inch apart

and began 0.6-inch below the center blade. In this way good resolution

was achieved across the 1.333-inch blade spacing. All data were taken

on the blade centerline except that taken to determine quality of flow

in the test section.

Instrumentation

The AFIT Cascade Test Facility is instrumented with a variety of

devices. Fifteen 30-inch U-tube manometers, four Statham Laboratories

P6TC-2D-350 pressure transducers, a hot film X-wire anemometer sensor,

and two "T-type" thermocouples are all used to monitor the system. _

Manometers were used for balancing the test section and setting the

suction flow. Tank total, throat and exit static, and ambient pressure

j% were measured by pressure transducers. The tank total temperature and

ambient temperature were measured by the thermocouples. The hot film

anemometer system was composed of a TSI model 1241-10 X-wire sensor

operated by two TSI model 1050 constant temperature anemometers. The

system measured both the mean and fluctuating velocity components in the

X and Y directions. From this information the turbulence intensity and

exit flow velocity was obtained.

The hot film sensor was calibrated using a scheme designed to

account for the effect of elevated temperatures. This scheme permitted

representing all calibration data for a particular sensor in the

temperature range of interest with a single curve as shown in figure 3.

A detailed description is given by Tanis (Ref. 14). Sensor error of

less than one percent was obtained with the calibration. However, when

10
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the sensor was used in the test apparatus the measured velocity was

approximately five to seven percent greater than theoretically possible.

The factors causing the increase are thought to be differences in flow

humidity and probe support temperature between the calibration station

and the test apparatus. To correct the velocity, continuity between two

centerline planes located upstream and downstream of the blade row was

used. The planes spanned the streamlines defining the channel between

the two center blades of the cascade. The flow was two-dimensional

through the cascade and, therefore, assumed uniform along the midapan of

the blade. Inlet and exit mass flow rates were calculated from measured

data. A comparison of the two was made and a correction factor, if

required, applied to the exit velocity to maintain continuity through

the cascade. Using this method, accuracies on the order of 99 percent

were achieved.

Data Acquisition and Analysis System

The heart of the CTF is the data acquisition system controlled by

an HP 9845B computer (Ref. 1). By using the appropriate software an

investigator can specify the number and location of data points to be

taken. The system positions the hot film probe at the desired positions

and records the pertinent data (all pressures, temperatures, and

anemometer readings). This data is then stored as voltages on magnetic

disks. Subsequently, a data reduction program is used to convert the

m data into a useful form of pressures, temperatures and velocities, and

again store the information on magnetic disks. The data in this form is

then used to evaluate the various performance parameters.

12



I II. Procedure

The general thrust of this investigation was to determine the

effects of surface roughness on compressor blade performance in a two-

dimensional cascade. To accomplish this, boundary layer control was

incorporated in order to establish two-dimensional flow in the tect

section. This flow control was determined to be necessary as a result

of a series of baseline test runs made in effort to reproduce data

already taken from the NACA 64-A905 airfoils (Ref. 17).

Testing Procedure

I~n setting the test conditions, the sequence of actions was as

follows: when the airflow through the test section reached the

operating condition (115 degrees F < Tol < 120 degrees F), endwalls were

adjusted until wall static pressure was ambient and uniform parallel to

the cascade exit flow direction. A check was also made for uniform

pressure across the inlet throat. The establishment of uniform pressure

across the throat along with a stabilized temperature insured that

uniform flow conditions existed upstream of the blade cascade. Once the

test section was balanced, the measured turning angle was determined

with the use of a protractor. A total pressure survey was subsequently

made vertically across the exit channel of one blade at the 0.63 chord

point downstream from the trailing edge. The survey consisted of 13

total pressure readings made with a pitot tube oriented parallel to the

mean flow. The arithmetic average of the exit total pressure was used

to calculate the outlet velocity, which was subsequently employed in

p D
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determining the flow conditions. The hot film sensor was then installed

and adjusted for the particular measured turning angle. A test,

containing 665 data points, was then run.

After completing the series of test runs on smooth blades witholt

suction, boundary layer control was then used. Abbreviated runs were

made at several suction rates to determine when two-dimensional flow was

achieved. When two-dimensional flow was established, the blades were

tested for the effects of surface roughness. Five traverses at one-inch

intervals in the axial direction were made with 133 data positions in

each traverse. The data were stored on magnetic disk then later reduced

and analysed.

7-
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IV. Results and Discussion

The objectives of this study were to modify the cascade test

section to give two-dimensional flow and to determine the effects of

-surface roughness on the efficiency, expressed as the total pressure

loss coefficient, j, of an airfoil in cascade. Two different test

sections were used; each had porous sidewalls for boundary layer control

and one had a set of solid sidewalls for comparing results without

suction to those with the suction applied.

Loss Coefficient

Flow past a cascade of airfoils experiences a momentum deficit in

the wake region of each airfoil. This deficit can be expressed

mathematically as a loss in total pressure, Pop where

Po= + (2)

For this investigation, the non-dimensional loss coefficient, M,

was used to characterize blade losses due to roughness. This

coefficient is defined as (Ref. 8)

P - To2 )

1/2PV1
2

where P is the stilling tank pressure, Po2 is the downstream, mass-

averaged total pressure, and 1/2PV 1 2 is the upstream dynamic pressure.

The mass-averaged total pressure was calculated using the following

relation

15
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- A Po2PV 2 dA
Po2= (4)

JA PV2dA

where Po2 is the mass-averaged value of the total pressure. Since the

flow was two-dimensional and spanwise uniform at the blade centerline,

the area integrals were replaced by single integrals. The relation for

a blade of unit width is

f Po2 P V2 dy

o2  -(5)Jpv 2dy

where dy is an incremental length in the Y direction. The integrals

were then numerically evaluated.

Preliminary Tests

Several preliminary tests were made on the NACA 64-series blades

with no roughness applied in effort to reproduce data obtained in an

earlier investigation by Vonada (Ref. 17). The total pressure loss

coefficient, 7, for the tests was 0.1146 for the run with porous

sidewalls installed but no suction applied. This value is 26 percent

greater than the M of 0.0909 obtained in Vonada's work. The reason for

this discrepancy is that the blade tip leakage through the porous wall

and resulting secondary flow caused an increase in losses. Briggs (Ref.

2:4) ran similar tests without suction in a cascade with an aspect ratio

of four and porous walls. He reasoned the results would be comparable

with those of the solid wall cascades because the boundary layer control

slot and porous walls would be submerged in the boundary layer. That

16
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does not hold true for cascades with an aspect ratio of one because of

the greater influence the wall/blade boundary layer interaction has on

the centerline flow conditions.

-Establishing Two-Dimensional Flow

A series of tests were run on smooth NACA 65-series blades in order

to establish the required suction for two-dimensional flow and determine

the effects of suction on the flow. In order to be useful for

engineering purposes, cascade data taken from several sources using the

same flow conditions must be comparable. It is not uncommon for the

data to differ from those of similar cascade tunnels which ran tests

under nearly identical geometric settings. Physical characteristics of

the different wind tunnels, such as aspect ratio and turbulence

intensity, account for these differences in data (Ref. 2:2).

To give a common reference point at which cascade data is obtained, -

several criteria have been established. Erwin and Emery (Ref. 4)

reported that the experimental pressure rise from existing cascades was

usually substantially smaller than the value which theoretically

corresponded to the measured turning angle. They also found

disagreement between values of lift coefficients obtained from

integrated experimental pressure distribution plots and those derived

from the measured turning angle. As a result of such discrepancies,

criteria for two-dimensional flow were given. A partial list follows:

1) Equal pressures, velocities, and directions exist at

different spanwise positions.

17



2) The static pressure rise across the cascade equals the

value associated with the measured turning angle and

wake.

3) No region of low-energy flow other than the blade wakes

exist and the wakes are constant in the spanwise

direction.

An additional condition which must be met is an Axial Velocity

Density Ratio (AVDR) of unity (Ref. 2, 13). Axial Velocity Density

Ratio is defined as

P2 Vz2
AVDR = (6)

P1 VZ1

where

lvZI = Vlcosa ! and Vz2 = V2 coscz2

According to Briggs (Ref. 2) irrotational, momentum, and continuity

conditions may be used to determine the deviation of the flow from two-

dimensional. He also suggested that due to complexity and time

constraints, satisfying continuity, that is, an AVDR of unity, on the

tunnel centerline would be sufficient to establish two-dimensionality in

a compressible flow.

A value of AVDR greater than unity is indicated when the flow is

not two-dimensional. It is believed that interaction of the sidewall

and test blade boundary layers causes premature separation at the wall-

blade junction producing a large low energy region. This large wake

causes a restricting of the flow and increases the exit velocity. With

18



sidewall suction applied the boundary layer is drawn off and the passaC

convergence is reduced. When AVDR =1, two-dimensionality exists.

Scholz (Ref. 13) gave a somewhat broader definition applicable to

compressor units, where 0.3<AVlR<1.2 defined a "quasi-tw-dimensional"

flow.

For this study, the amount of air removed by the suction system was

a fairly constant 2.4 percent of the total inlet air. The range of

values for other comparable tunnel cascade systems varies from 1.2

percent (Ref. 10) to 9 percent (Ref. 2). The AVDR measurements varied

from 1.01 to 1.013 with suction applied. With no suction the values

were generally about five percent larger. Although the magnitude of the

change is not large, the flow improvements through boundary layer

control were substantial.

Two-Dlimensional Flow and Blade Profile Efficiency. An additional

check of the flow two-dimensionality was made in this study by comparing,

the blade adiabatic efficiency obtained from cascade test results

against blade profile losses. According to Vincent (Ref. 16) blade

profile losses are about ten percent. Thus, if the flow in a cascade is

actually two-dimensional, losses due to blade tip leakage or wall-blade

interaction should be minimal, giving a blade profile efficiency on the

order of 90 percent.

The blade adiabatic efficiency is defined as

h2  -i

na h 2  h

19



where h1 is the upstream static enthalpy, h2 is the actual downstream

static enthalpy, and h., is the downstream static enthalpy resulting

fron isentropic compression for the same pressure rise. For this study,

the results indicated an increase in adiabatic efficiency from 0.727

without boundary layer control to 0.894 with boundary layer control

applied. A detailed explanation is given in Appendix B.

Non-Dimensional Total Pressure Loss Maps. Exit plane surveys, from

which the local total pressures were calculated were made at a distance

of 0.63 chord downstream of the blades to evaluate the losses through

the blade passage. Figures 4 and 5 present lines of constant value of

j in percent for the NACA 65-series airfoils for three channels between

blades. Figure 4 is for the test section with solid sidewalls and no

suction applied and Figure 5 is for the same blade configuration but

with boundary layer control in use. The effect of boundary layer

control may be seen by a comparison of these two figures.

In each figure the horizontal axis represents the half-channel

spanwise position in inches from the test section wall. The physical

limit of the measuring probe was 0.125 inches from the wall. The

vertical axis depicts the channel position between two blades in percent

of channel height. Zero percent represents the pressure surface and 100

percent the suction surface.

A comparison of Figures 4 and 5 shows that for the flow with

boundary layer suction the overall magnitude of losses is significantly

smaller than for the section without suction. Two of the criteria

mentioned by Erwin and Emery for two-dimensional flow were that no

region of low energy flow other than the blade wake existed, and that

20
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the wake be constant in the spanwise direction. One can see by

inspection ofthe solid wall plots (Figure 4) that this is not the case. -,

There are larger areas of loss and substantial differences in the losses

from blade to blade (Figures 4a, b, c). For the blade row with suction

(Figure 5), however, the areas with significant loss are small.

Moreover, the uniformity of the flow from one blade channel to another

is illustrated by the similarity of Figures 5a, b, and c.

Figure 6 shows the loss coefficient at the 0.63 chord exit plane

behind the NACA 64-series airfoils. This plot shows a larger area of

the channel with significant losses and larger loss magnitude. This is

due to the greater diffusion which results from a higher turning angle.

The higher flow turning angle gives rise to a steeper pressure gradient

leading to a thicker blade boundary layer at the trailing edge.

It should be noted that, whether or not boundary layer control is

used, there is a large region about the blade midspan (about two-thirds

blade width) where the flow is very uniform. However, with suction

applied, the large areas of undisturbed flow in both the 64-series and

65-series test sections had losses on the order of 1.5 to 3.0 percent,

while flow losses approached 7.5 percent in the section with solid

sidewalls, as indicated by the data in Appendix C. It is concluded

that, in accordance with the criteria given in References 2 and 4, and

from the results of this study, the test section with boundary layer

control applied is adequate for two-dimensional compressor blade cascade

studies.
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Effect of Roughness on Blade Performance

The effects of roughness on blade performance in cascade may be

illustrated in two ways:

(i) by considering the overall performance in terms of a

total pressure loss coefficient and

(2) by an examination of the more specific effect of

roughness on the turbulence and velocity profile

characteristics (in the wake vs. free stream).

To study the effects of roughness, investigations of the NACA 64 and 65-

series airfoils were made at different roughness levels:

1. Smooth blades (configuration 1 and 11),

2. Blades with the first quarter chord sandblasted (config-

urations 2 and 12),

3. Blades with 180 grit material applied to first quarter

chord (configuration 3 and 13),

4. Blades with 80 grit material applied to first quarter

chord (configuration 4 and 14).

A number of parameters have been used to characterize the quality

of a surface finish. To follow convention, the average roughness, Ra,

and equivalent sand roughness, Ks, were chosen as measures of surface

roughness (see Appendix A for Ra and Ks definitions). The values for Ra

were obtained by measuring the blade surfaces with a profilometer.

Values for Ks were derived from Ra by the relation given by Schaffler

(Ref. 11:10) where

Ks =8.9 Ra. (8)
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Values of Ra and Ks for the cascades of this research ar given in aA'

IT

TABLE II

Airfoil Roughness Data

Conf' i Ra,pm Ks,'jm Xs,/lx103 of1 a~r sjrl~/x

---- ---- II f- ---- '-'- - S

1 0.5 4.45 0.0199 1 D } • 09 0.90 •

2 2.7 24.03 0.473 12 1.86 16.55 0. 32,'

3 19.8 122.22 3.47 13 17.95 159.76 3.14

4 26.9 239.41 4.71 14 25.52 227.13 4.47

Total Pressure Loss Coefficient. The total pressure loss

coefficient, Z, was usei to characterize the roughness effects for this

study. In each case Zis plotted against the relative sand roughness, -:

Ks/l, where 1 is the blade chord length. Figures 7 and 8 depict the

results for the NACA 64-A905 blades. The loss factor, 7, varies from

0.0467 for the smooth blade to 0.0733 for the blade roughened with 80

grit abrasive. This is a 56 percent increase in losses for the 33

degree camber angle blades. Results for the NACA 65-A506 blades

(Figures 9 and 10) range from 0.0387 to 0.0483 for7. This is a 25

percent increase in losses for the blades with 18 degrees of camber.

Referring to Figures 7 and 9, a straight line can be drawn through

the data points, indicating a logarithmic function. It can be seen that

the losses and the increase in losses for a given increase in relative

roughness are greater for the blades with the larger camber angle. One

would expect this be the case since the pressure gradient is steeper for
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greater turning of the flow. The linearity suggests the boundary layer

for configurations 2 through 4 is turbulent over much of the blade

surface (Ref. 12:663).

Equations relating the loss coefficient to the equivalent sand

roughness can be derived for the data obtained within the scope of this

investigation. The two equations are:

0.117
= 0.0614(ks/lx10 3 ) (9)

for the 64 series airfoils with 33 degrees turning angle and

0.0o34-
W- 0.0439(ks/lx10 3 ) (10)

for the 65 series airfoils with 18 degrees turning angle. These

relationships should be considered accurate only within the range of

this study and should not be extrapolated arbitrarily for design

purposes.

There are a number of factors which influence the boundary layer

and resulting losses. The turbulence level of the free stream can

compound the instability of the laminar boundary layer in the presence

of an adverse pressure gradient and induce transition to turbulent flow.

The boundary layer can also be disturbed from the inside by surface

roughness. There is a limit below which the surface irregularities

(specifically, equivalent sand roughness, Ks) do not affect the

transition point. That limit is (Ref. 13:335)

W1 Kstrm
I trans'

< 120 (Ii)
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where W4 is upstream relative velocity and v is the upstream kinematic

viscosity.

Besides causing laminar-turbulent transition, surface roughnecs can

also directly increase the frictional losses. In the turbulent bounar..

layer friction losses may become substantial once the size of the

roughness reaches a particular value relative to the local boundary

layer thickness. This value, known as admissible sand roughness, KSad-.,

can be approximated by (Ref. 5:174)

KSadmW 
Id- < 90. (12)

VI

The values for kStrans/l and kSadml for the flow conditions in this

investigation are 0.277 x 10- 3 and 0.200 x 10- 3 respectively and are

located between data points one and two. One can see that both Kstrans

and Ksadm are functions of the ratio between velocity and kinematic

viscosity alone, that is, the Reynolds number per unit length (Ref.

11:10). That means above the limit of KStrans the losses are dependent

only upon the size of the roughness elements. Schaffler (Ref. 11:6)

called the flow in this region "turbulent attached flow with

hydrodynamically rough surfaces."

Figures 8 and 10 illustrate that even surface roughness of small

magnitude has a definite effect on blade losses. Minor deteriorations

of the surface quality cause the total pressure losses to increase in

greater measure than in the range of larger roughness. For example, the

relative roughness, Ks/l, of the 33 degree camber blades, configurations

I and 2, (Figure 8), increases from 0.088 x 10- 3 to 0.479 x 10- 3 . The

36
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accompanying total pressure loss rises from 0.0467 to 0.0552, an 18.2

percent increase in losses. Between configurations 3 and 4 there is an

increase in Ks/l from 3.469 x I0-  to 4.713 x 10- 3 . The total pressure

loss in this case increases only 2.1 percent from 0.0718 to 0.0733.

Results are similar, though smaller in magnitude, for the 18 degree

camber blades. These results indicate that decreases in surface quality

should be kept to a minimum to avoid significant increases in losses.

Exit Velocity and Turbulence IntensitX Profiles. Velocity and ]
turbulence intensity information at each traverse (cross stream) point

was resolved into X and Y components and plotted vectorially as shown in

Figures 11, 12, 13, and 14 for the NACA 64-A905 blade exit profilesIZ

obtained at the 1.25-inch (0.63 chord) traverse plane. A complete set

of exit profiles at the five traverse planes is contained in Appendix D.

The origin of each vector is the survey position and the length of each

vector is proportional to the velocity or turbulence intensity. Scale

factor- are given for velocity (thin black lines) and turbulence (heavy

black lines) as 167 (ft/sec)!inch and 8 percent/inch, respectively.

Turbulence intensity, Tu, as used in this study is defined as

Tu rm (13)

Vxmean

where Vrm is the root mean square of the time varying velocity and

Vxmean is the mean value of the streamwise velocity component. The

effect of roughness on turbulence intensity (measured at 0.63 chord

traverse plane) is plotted for the NACA 64-A905 blades in Figure 15 and

for the NACA 65-A506 blades in Figure 16.
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The effect of roughness on the velocity profiles is illustrated for

configurations 1 through 4 in Figures 11 through 14, respectively.

There is an overall deepening and broadening of the velocity decrement

in the blade wake as the relative roughness increases. A slight -

decrease in wake width is evident between configurations 1 and 2

(Figures 11 and 12). At larger roughness levels, however, the wake

again increases (Figures 12, 13, and 14).

It can be seen from Figures 11 through 16 that with increasing-

roughness there is an increase of Tu in both magnitude and affected wake

area. There is an increase in the free stream turbulence intensity for

configuration 2 in comparison to configuration 1 (Figures 11 and 12).

The level of free stream turbulence then remains fairly constant, even

though the relative roughness is further increased (Figures 12, 13, and-

14).

Figures 15 and 16 illustrate the variation of Tu with relative

roughness in another way. The two figures depict mass-averaged Tu

values for the blade wake and entire blade channel (1.333 inches)

plotted against relative roughness. Values of free stream Tu are also

shown. For both cascade test sections, the mass-averaged turbulence

intensity ("Channel Tu") increases significantly for small increases in

roughness (data points 1 and 2). Between points 2 and 4 values for

blade channel and free stream Tu vary fairly linearly, but with a

smaller incline, with increasing relative roughness. It is believed

(R~ef. 20) that the initial sharp increase in Tu is caused by the

K transition of the boundary layer over the blade from laminar to

turbulent. As a result, turbulent fluctuations propagate across the
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blade passage at approximately the speed of sound causing the Tu in the

mainstream to be higher than when much of the boundary layer was

laminar. Once the free stream becomes turbulent because of the

excitation of the boundary layer, further increases of roughness would

make the boundary layer thicker but would not increase the free stream

Tu.

By comparing the wake Tu of the 64-series blades (Figure 15) with

that of the 65-series blades (Figure 16), it can be seen that surface

roughness has a much greater effect on the wake Tu of the NACA 64-A905

airfoils. The wake Tu data for the 65-series blades increases in a

manner similar to the channel and free stream Tu for that blade. There

is a significant initial increase in Tu then almost no further increase

of wake Tu even though there is a ten-fold increase in roughness. The

wake Tu data for the 64-series blades continues to increase steadily

with increasing roughness over the entire range. It appears that there

is a relationship between the influence of roughness on the blade wake

Tu and the camber of the airfoil. A possible explanation is that the

flow over the more highly cambered blade is separated, whereas the flow

over the lower cambered blade is not separated for any of the roughness

configurations tested. As the degree of roughness is increased on the

blade with the higher camber the boundary layer, which is already

separated at some point on the blade, thickens and becomes more

susceptible to earlier separation. This causes a shift in the

separation point towards the blade leading edge. As the point of

separation moves forward the wake continues to grow with an accompanying

increase in wake Tu (Ref. 20).
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A comparison of the plots of turbulence intensity, Tu, vs. relative

sand roughness (Figures 15 and 16) and total pressure loss coefficient,

w, vs. relative roughness (Figures 8 and 10) suggests in the range of

this investigation three effects of roughness are encountered:

(1) A small increase in roughness produces a doubling of

free stream turbulence with practically no effect on

the wake. This effect might not be noticed at all

if the free stream turbulence were higher, as in an

actual turbomachine.

(2) Further increase in surface roughness produces a

substantial effect on the wake but little effect on the

free stream turbulence. Both of these affect Z since it

is determined from mass-averaged values over the entire

blade channel.

(3) Surface roughness has a much greater influence on blade

wake Tu over the entire range of roughness tested for

the higher camber airfoils than for the lower camber

airfoils.
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r V. Conclusions and Recommendations

Conclusions

This study was concerned with developing a facility to provide two-

- dimensional flow for investigations of compressor blade cascades and

exploring the effects of roughness on different airfoils in cascade.

Two blade profiles, the NACA 64-A905 and NACA 65-A506 were used.

Existing criteria of Erwin and Emery (Ref. 4) and Briggs (Ref. 2) were

used to determine when two-dimensional flow was achieved. As a result

of this study, the following conclusions are drawn.

1. Through the use of sidewall boundary layer control, a

facility has been established that permits two-

dimensional flow investigation over the center span

(about 2/3 the width of the blade) of an airfoil in

cascade.-

2. The initial small increases of roughness have a much

greater effect on blade total pressure loss than do

subsequent larger roughness values.

3. A small increase in roughness produces a substantial

increase in free stream turbulence (and M) with

practically no effect on the wake. This effect might not

be noticed at all if the free stream turbulence were

higher, as in an actual turbomachine.

4. Further increase in roughness produces a substantial

effect on the wake but little effect on the free stream

turbulence.
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5. Surface roughness appears to have a much greater

influence on blade wake Tu for the higher camber airfoils

tested than for lower camber airfoils.

- Recommendations

The findings of this investigation suggest that compressor blade

roughness should be kept as small as practicable. It is recommended

that additional study on blade performance be accomplished as follows:

1. Investigate the influence of free stream turbulence on

the blade wakes of roughened airfoils in cascade by

varying the turbulence intensity in the test section

upstream of the cascade,

2. Determine the existence of a relationship between the

camber angle and blade wake Tu by making a series of

tests on airfoils of increasing camber angles and,

3. Conduct a more detailed study of the pressure

distribution and boundary layer over the blade over a

range of roughness values.
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APPENDIX A: ROUGHNESS DEFINITIONS

Surface roughness is defined as "the arithmetical average deviation

expressed in microinches (or micrometers) measured normal to the

-centerline" (Ref. 7). The arithmetic average is denoted by the symbol,

Ra and is shown to be

Ra f L[IYdx (14)

where the variables are defined as

y

ZA" - I

Figure 17: Arithmetic Average Roughness

Although this roughness definition does not totally characterize

the surface quality, it is the definition most commonly used. For other

definitions that may be used to characterize the surface, see Ref. 15.

The other definition for roughness used in this investigation is

Ks, or equivalent sand roughness, the parameter which characterized the

surface finishes in Nikuradse's roughness experiments (Ref. 9).

Equivalent sand roughness describes a particular form of roughness which

consists of tightly packed granules of sand of grain size Ks.
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APPENDIX B

Development of Adiabatic Efficiency of the Cascade

Adiabatic efficiency for a compression process is defined in terms

- of static enthalpies as §:
h2 h l

na  (15)I
h2 - hl,

In the above equation h1 is upstream enthalpy, h2 is the downstream

enthalpy, and h2  is the downstream enthalpy resulting from isentropic

compression. The compression process may be seen in Figure 13.

Pi

Po2

o2
To,, To2 , To 2  o2

t ~P2 
"'

T T2 2P

T2 -

2

1

S

Figure 18: Temperature-Entropy Plot of Compression Process
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One can see by the diagrams that the actual process, I to 2,

produces a larger enthalpy rise.

The values for Tol, V2 , P1 , and P2 are ,neis red quantities. If the

steady flow energy equation is written out as

jq2 + h, + V1
2 = w2 + h2 + V2

2  (16)

and 12 and Iw2 are both zero for a stationary, adiabatic blade row,

then h is 2 2

h2  + V7
2  V2

2 (17)

This can be rewritten as

h2 -- ho1 -V 2
2  . (18)

2

Isentropic equations are used to calculate T2 , where

2= T 1 (P2/P1 )(Y-1)/Y (19)

The enthalpy, h2 , may then be determined from T2 using the Gas Tables

for air (Ref. 6). Finally, the adiabatic efficiency is calculated.

Two examples of the blade adiabatic efficiency are tabulated in

Table III. The values are for NACA 64-A905 airfoils with and without

boundary layer control applied.
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TABLE III

Comparison of Adiabatic Efficiency

Parameter With B. L Control Without B. L. Control (Ref. 17)

T1, 97.73 96.21

To1, OF 118.7 116.3

h 1, B/lbm 133.24 132.95

ho1 , B/ibm 138.29 137.73

V 2, f/sec 420.65 414.7

P1, psia 13.84 14.12

P2' psia 14.33 14.49

Y 1.4 1.4

e Calculated Values

h2 B/ibm 134.75 134.31

T2  OF 103.01 100.33

h2  B/ibm 134.58 133.94

0.892 0.727

Sa

One can readily see the dramatic increase in blade efficiency when

boundary control is used.
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APPENDIX C: Non-dimensional Total Pressure Loss Data

For NACA 65-A506 Airfoils
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TOTAL PRESSURE MAP AT 1.25 INCHES BEHIND BLADES 4 AND 5 *''
SOLID WALLS INSTALLED

iNominal Flow Turninq Angle- 17 Del., Exit Wall Divergence Angle- .61 Deg
Inlet Reynolds Numner Per Foot= 2.66 Million

SPANW'ISE P SITION ON INCHES
CHANNEL"-"

PDSITICN 1.00 0.75 0.50 0.25 0.125

.992 .2771 .2812 2893 .2426 .26C2

.972 .2467 .2508 .271 .3251 .3593

.952 .1555 .1641 1993 .3775 .4271

.932 .0901 .0938 .1152 3967 .4572

.911 .0667 .0674 .0708 .3854 .4584

.891 .0676 .0642 .0583 3001 .4379

.871 .0656 .0648 .0619 .2688 .3687

.851 .0673 .0649 .063 .1769 .2878

.83 .0662 .0639 .0601 .1094 .22G8

.81 .0665 .0639 .0634 .0695 .1356

.79 .0681 .0655 .0619 0585 .1451

.77 .0678 .0643 C621 .0553 .1383
749 .0671 .067 .0663 .0606 .0885

.729 0662 0653 .0646 0524 .1005

.709 .0666 .0636 0653 .0569 .0872

.689 067 .0648 0674 .0597 .0882

.668 .0657 .0666 0678 0579 .0897

.648 .067 .0673 .071 .0577 .0829

.628 .0669 .0652 0"08 0547 .0896

.608 .0648 0644 .0737 .0612 .0819

.587 .0663 .0662 .0709 .063. .0891

.567 .0673 .0667 .0711 .0624 .0773
.547 .068 .0634 .069 .0669 .0873
.527 .0653 0653 .0672 .0663 .0852
.506 .06i4 .0655 .0688 .0669 .0877
.486 .0643 .067 065 .0779
.466 .066 .0653 .0675 .0653 .0769
.446 .0666 .0666 .0695 .0657 .0865
.425 .0661 .06568 .0713 .0652 .0852
.405 .066 .0666 .0717 .0693 .0825
.385 .0667 .0668 .0708 .0711 .0a73
.365 .0652 .0693 .0755 .07 .079
.344 .0655 .0676 .0723 .07 .0766
.324 .069 .0685 .0711 .071 .0765
.304 .0672 .0687 .0728 .0698 .0868

.284 .0667 .069 .0715 .0664 .0777

.263 .0656 .0688 .0704 .0694 .0928

.243 .0678 .0702 .0705 .0662 .0823

.223 .0663 .0706 .071 .0683 .0805

.203 .0675 .0708 .0726 .0648 .0788

.182 .0669 .0692 .0747 .0705 .0824

.162 .0672 .073 .0736 .0721 .0831

.142 .0647 .072 .0727 .072 .0784

.122 .0657 .0698 .0729 .0736 .0782

.101 .0645 .0704 .0732 .0741 .u7t3

.081 .0715 .0746 .0798 .077 .0749

.061 .1268 .1194 .1317 .0929 .0063

.041 .2248 .2189 .2349 .1561 .1509

.02 .285 .29 .3038 .2544 .2706
0 .2411 .2532 .2727 .3563 .3912
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TOTAL PPESSPRE MAP AT 1.25 INCHES BEqIND BLADES 4 AND 5 *

PDROUS WALLS INSrALLED

Nominal Flow Tjrning Angle= 18 Deg., Exit Wall Div:ergenze Angle- .95 Deg
Inlet Reynolds Numter Per Foot- 2.67 Million

SPAWI SE PITION IN INCHES
CH;AXEL
P2Si DN 1.00 0.75 0.50 0.25 0.125

.992 .1166 .1347 .1454 .0991 .0517

.9 2 .1669 .1963 .2073 .1697 .1007

.952 .1879 .2049 .2231 .2065 .1719

.932 .1537 .16 9 .174 .2691 .2446

.911 .0894 .0734 .0962 .289 .2946
.891 .0337 .0212 .0317 .2567 .3191
.8-1 .0105 .0061 .008 .2231 .3208
.851 .0078 .0087 .0069 .1807 .2599
.83 .0097 .01 .0067 .11C9 .2038
.i1 .0135 .0098 .0105 .056 .104
.79 .0108 .0114 .0065 .0225 .077
., .0139 .0117 .0096 .00:4 .0323

.749 .0123 .0118 .0108 .0024 0181

.7Z9 0124 .0115 .0083 00- 0156

.709 0127 .0136 .0099 .0023 .018i

.689 .0115 .0132 .0126 .0076 .0354

.668 .0136 .0125 .0153 .0056 .0129
.643 .0127 .011 .0163 .006 .012

628 0114 .0164 .0191 .0102 0182
608 0147 .0156 .0182 0098 .0136
587 2157 .0151 .0169 .0121 0: 9

b 567 .0152 .0159 .0174 01Ca .0088
I 547 .0133 .0163 .0141 .0118 0115

527 .0137 .0151 .0159 .0104 .0161
506 .0161 .0158 .0162 .0163 .021

.486 .0154 .0164 .0183 .0146 .0171

.466 .0133 .017 .0176 0183 .0243

.446 .0169 .02 .0198 .0162 0157

.425 .0142 .0208 .0184 .0152 .0225

.405 .0159 .02 .0202 .01,71 .0175

.335 .0185 .0187 .021 .0171 .0182

.365 .0166 .0194 .0226 .018 .0224
344 .0203 .021 .0229 .0165 .0183
324 .0198 .0209 .0249 .0202 .0202

.304 .0204 .0217 .0228 .0217 .0261

.284 .0188 .0215 .0237 .0207 .0226

.263 .0191 .0244 .0245 .0202 .0245
.243 .0191 .0237 .0213 .0185 .0256
.223 .0201 .0231 .0245 .016 .0298
.203 .0194 .0225 .0258 .0182 .0291
.182 .0224 .0207 .025 .0167 .0289
.162 .0206 .0233 .0269 .0202 .0281
.142 .0198 .026 .0314 .0225 .0271
.122 .0212 .0219 .029 .0242 .025
.101 .0196 .024 .0282 .0268 .0242
.081 .0184 .0231 .0281 .0261 .0281
.061 .0287 .0265 .036 9 .027 .0233 .
.041 .0488 .0466 .0778 .0442 .035
.02 .0968 .122 .1481 .1135 .0752
0 .1433 .155 .1747 .1925 .1316

55

. ... .. .... . aa~S'.'. .. . C .. . .



APPENDIX D: Velocity and Turbulence Intensity Profiles
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